Introduction
The HUBO Laboratory in KAIST in the Republic of Korea was established in 2005. Previously, this research center was a machine control laboratory that performed research on motor control. In 2000, based on motor control technologies, we began to study humanoid robotics in earnest. It was a very challenging topic at that time. Although many other research institutes were carrying out bipedal robot research, there were few humanoid robot platforms in the world except ASIMO of HONDA. We were pioneers in the development of humanoid robots.
Without any experience in humanoid robotics, we started from a very simple and basic experiment. In 2000, we designed KHR-0, which was, not a humanoid robot but just a biped walking robot without an upper body. Through this experimental platform, we determined the basic walking pattern and a fundamental understanding of bipedal walking.
Since that time, we succeeded in developing a humanoid robot. In 2003, we developed KHR-1 [ improvement of walking performance. We explored online walking pattern generation [9] [10] and walking algorithms for uneven terrain [16] . We constantly struggled to upgrade the performance of the platform. From the results of this work, HUBO2 was developed in 2009. In this platform, running algorithm and stretched leg walking is applied [17] [22] . Recently, we developed HUBO2++ considering users' convenience and completing the platform.
This paper is organized as follows. Section 2 chronologically describes humanoid robots developed in the HUBO Laboratory over 10 years. The specifications of each robot are shown. In section 3, the walking and control algorithm of the HUBO series is reviewed. This review is a summary of the algorithm, not a proposal of specific technology.
Humanoid Robots

A. KHR-1 (2003)
KHR-1 was the first version of a humanoid robot in the HUBO Laboratory. It was developed in 2002 and was mainly used as an experimental walking platform [1] . It didn't have a head, hands or case. Although this version was made at the very beginning of humanoid research in the HUBO Laboratory, it was able to walk, turn around and balance itself using a 2-axis F/T sensor and a 2-axis IMU [2] [3] . These sensors were used in later versions of the humanoid robot in the HUBO Laboratory. The system configuration was almost the same as that used in later robots, but the system operated in DOS.
B. KHR-2 (2004)
KHR-2 was developed in 2003. This could be called a complete humanoid robot because it had features of a humanoid robot, such as a covering case, hands, a head, visual cameras, etc. Further, using battery and wireless LAN, it could walk by itself without any wires. The DOF was increased to 41 because of the hands and head. The operating system was changed to Windows XP with RTX for real time control. Fig. 1 shows the overall system configuration of KHR-2. The subsequent versions of humanoid robots in the HUBO Laboratory continued to use this same configuration.
C. HUBO (KHR-3) (2005)
KHR-3 was the third version of the KHR series and we named this version HUBO. This robot was developed in 2004. Most of the specifications of KHR-3 were similar to KHR-2. However, mechanical stiffness of links and reduction gear capacity of the joints were modified and improved. HUBO can dance with various motions and can do sign language, moving five fingers independently. Moreover, it can walk faster than the previous KHR series and can also climb stairs. Its self-balancing or other walking control technique was improved significantly. On the other hand, to represent the spirit of Korea, its covering case was designed to look like a Taekwondo player. Finally, after HUBO was developed, it was introduced in the worldwide media, and it has established a remarkable reputation from people the world over. Nowadays, HUBO is the most famous humanoid robot in the Republic of Korea and also represents robot technology of the Republic of Korea to the world.
D. Albert HUBO (2005)
Albert HUBO is the first biped robot in the world that has an expressive human face. including its body covers and a cockpit), and 12 dof. This giant robot was designed to sufficient payload while it walks dynamically carrying one passenger. As its payload capacity is 100 [kg], an average person is able to ride on HUBO FX-1 easily. As joint actuators, AC servo motors and harmonic reduction gears were used to generate sufficient torque and power as well as to minimize the backlash.
F. HUBO 2 (2009)
HUBO2 is the latest version of the HUBO series. This robot was developed in 2009. Based on our experience over 10 years, we accomplished an improved robot system and performance ability in such tasks as motion, walking and even running. The main goal of the HUBO2 design was to achieve the lightest human-size humanoid robot in the world. The design for the light arms of HUBO 2 changed to 7-DOF and became more [13] compact so that its motion could be swift. Through its light weight, HUBO 2 can run at a maximum speed of 3.6 [km/h] [18] [19] . Moreover, new the walking algorithm permitted stretched leg walking [20] [21], which was different from previous robots.
Walking and Control
Walking is the essential requirement of a humanoid robot. We have been exploring how the robot can walk stably and how we can control the robot. The walking algorithm of the HUBO series developed until now consists of two categories: the walking pattern and the real-time feedback control. By using a simple walk- ing pattern generator with a real-time feedback controller, bipedal walking of our humanoid robots is accomplished.
A. Walking Patterns
In the early stages of developing humanoid robots in our laboratory, we only had technologies for motor control, not the humanoid robot, so a gait trajectory was designed offline very heuristically at the beginning of the KHR series [2] [3] . However, as the robot was upgraded, the walking pattern was modified with respect to a stability index like ZMP. We performed experiments with those patterns and verified that our walking pattern was very simple and also well designed for walking [5] [6] . Moreover, to change the robot walking pattern in real time, we made an online walking pattern generator using simple functions and walking parameters [9] [10] . That is, the gait trajectory functions generated the relative position trajectories of the two feet with respect to the pelvis center using a few parameters in real time. To find good paramerters of walking, we also tried to use reinforcement learning [23] .
B. Real-time Feedback Control
From the viewpoint of stability, even a well-designed walking pattern cannot prevent the robot from falling down. We didn't use a stability index to make the walking pattern, so our walking pattern did not guarantee stability. Moreover, as a result of unexpected external disturbance or environmental changes, for example, large upper body motions, vibrations of the body parts, uneven floors, etc., the robot walking pattern could be exceeded over stability region. Therefore, real-time feedback control is essential to maintaining dynamic balance in real time considering unexpected factors.
The real-time feedback control can be categorized in three groups of the scheme depending on the control objective: balancing control, posture control and uneven terrain control. This order is the same as the time sequence in which we developed controllers as necessary.
First of all, we used balancing control [2] [3] [6] that involves self balancing during walking. This controller compensates for the un-modeled dynamics of the walking pattern by using a damping controller and a ZMP compensator. These controllers play the most important role for not only stable walking but also for balanced standing itself.
Secondly, posture control [22] is involved in keeping the robot's required posture. For example, the vibration reduction controller maintains the swing leg position by reducing the vibration of the swing leg while the robot is walking. Vibration is a problem that easily occurs because the robot is not a rigid body. Posture control is helpful in reducing unexpected factors and maintaining an accurate position.
Finally, robot is controlled with concernig about uneven terrain walking [16] . Real terrains that robots need to walk are rarely perfectly even. When a robot unexpectedly steps on uneven terrain, the robot tilts to the outside or inside. This means that the robot cannot step on the position and at the time that we designed it to do. Therefore we control the landing moment that steps on locally uneven terrain. We also make the robot maintain an upright pose when the robot steps on a globally uneven terrain.
Using these kinds of controllers, recently, the HUBO series robots can walk stably at a speed of 1.5 [km/h], and even walking on uneven terrain they are successful. Moreover, these real-time feedback controllers are applied to the other mobility skills of the robot, for example, climbing stairs, running, etc.
Conclusion
We have performed pioneer humanoid robot research. We have made mechanical progress in creating humanoid robots that have light weight, high mobility and a strong mechanical design. We have achieved success in such areas of dynamic control as walking algorithms, walking controllers and running patterns in for bipedal robots.
Nowaday, other research institutes are also achieving successes, so what is next for the humanoid robot?
We expect to see more advanced humanoid robots, which will come to us in the near future. Until that day comes, we will keep struggling to develop the ultimate humanoid robot that people dream of. 
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